I
nfant formula is arguably the most regulated food in the United States. The Infant Formula Act of 1980 (Public Law 96-359) requires that manufacturers test their products to make sure that nutrients fall within specified limits (1) . Since 1996, the National Institute of Standards and Technology (NIST) has provided Standard Reference Material (SRM) 1846 Infant Formula for use as a tool for assuring the quality of nutrient measurements (2) . This paper describes the preparation and value assignment of SRM 1849, a more fully characterized replacement for SRM 1846. [SRM 1849 contains nutrients at levels that would not be in compliance with the U.S. Infant Formula Act of 1980 (1) , and this material is not an infant formula. SRM 1846 was replaced with a product that is not an infant formula to provide broader material applicability.] As is true for all of NIST's food-matrix SRMs, SRM 1849 is intended for use as a primary control material when assigning values to in-house (secondary) control materials and for validation of analytical methods for the measurement of nutrients in similar matrixes.
SRM 1846 was prepared in 1991 as a spray-dried base into which elements and encapsulated vitamins were dry-blended. The material was dry-blended to increase long-term stability of the encapsulated vitamins. Over time, the encapsulation hardened, making complete extraction of the originally certified fat-soluble vitamin content (retinol and a-tocopherol) difficult if not impossible. At the end of its lifetime, only five analytes (ascorbic acid, riboflavin, niacin, pyridoxine hydrochloride, and iodine) remained as certified mass fractions in SRM 1846 (3) .
When SRM 1846 was prepared, NIST offered a number of food-matrix materials with values assigned for elements and, therefore, did not measure elements in SRM 1846. Because of this, only reference values for element mass fractions, using collaborating laboratories' data, were assigned (4). In the early 1990s, NIST did not have methods in place to assign certified values for fatty acids, vitamins D and K, or many of the water-soluble vitamins; again, reference values were assigned for SRM 1846 using collaborating laboratories' data. Five certified, 38 reference, and nine information mass fraction values-52 values in total-were provided in SRM 1846 at the end of its lifetime. By contrast, SRM 1849 is provided with 43 certified and 43 reference mass fraction values-a total of 86 values. NIST made measurements of fatty acids, fat-and water-soluble vitamins, and elements. New methods were developed for the determination of vitamins in this material, in particular methods based on isotope-dilution MS (5) .
SRM 1849 was characterized by NIST and collaborating laboratories (Table 1) , including the manufacturer of the material, to provide mass fraction values designated as certified, reference, or information. NIST used one method (for most of the elements measured) or two independent analytical methods (for vitamins and fatty acids). The means obtained using the individual NIST methods were combined with the manufacturer's mean result, the median of the individual collaborating laboratory means, and the mean of results provided by the U.S. Department of Agriculture (USDA), where available. The logic behind NIST's use of two independent methods is that biases inherent to one method are unlikely to occur in the other method; therefore, if results between the two methods agree, they are likely to represent the true value. An analyst does not have to use one of the same analytical methods to obtain the certified value. A NIST-certified value is one in which NIST has the highest confidence in its accuracy, in that all known or suspected sources of bias have been fully investigated or taken into account (4) . Certified values were provided for analytes that were measured by both NIST and the collaborating laboratories. NIST reference values represent a best estimate of the true value where all known or suspected sources of bias have not been fully investigated; reference values have associated uncertainties that may not include all sources of uncertainty and may represent only a measure of the of the measurement method(s)' precision (4) . Reference values may be assigned if no NIST data are available, or if sources of bias in NIST measurements have not been fully resolved (4) . Reference values in this material were provided for analytes measured only by collaborating laboratories, including the manufacturer.
Experimental

Material Preparation
SRM 1849 is a milk-based, hybrid infant/adult nutritional powder prepared by a manufacturer of infant formula and adult nutritional products. A base liquid containing all constituents was conventionally heat-processed, homogenized, then spray-dried. The ingredients used in preparation of SRM 1849 are provided in Table 2 . The product was packaged by the manufacturer in single-use pouches, each containing 10 g powder and flushed with nitrogen. The materials were stored below 0°C following packaging, and stored at NIST at -80°C to enhance long-term stability. This material contains some nutrients at levels not permitted in infant formula and is not an infant formula. and/or the manufacturer, the median of the laboratory means and the mean of the manufacturer's data were averaged. For analytes that were also measured by NIST, the mean of individual sets of USDA data, the median of the individual collaborating laboratory means, the manufacturer's mean, and the mean of the individual sets of NIST data were averaged. None of the collected data was discarded as an outlier; the use of robust statistics (see below) make this possible.
Characterization and Value Assignment
Uncertainties in the assigned values were calculated according to the method described in the ISO Guide (12) (13) (14) . The uncertainty of each value is expressed as an expanded uncertainty, U, calculated as:
where u c is intended to represent, at the level of one SD, the combined effect of between-and within-laboratory components of uncertainty. The coverage factor (k) is determined from the Student's t-distribution corresponding to the appropriate associated degrees of freedom and approximately 95% confidence for each analyte.
The material manufacturer recommended reconstitution of an entire packet of material (10 g) prior to removal of a test portion for analysis. A microhomogeneity assessment was performed for vitamin A, using test portions from 0.5 to 3.0 g, to determine the minimum test portion in which retinyl palmitate was homogeneously distributed. The homogeneity of elements, fatty acids, and vitamins was assessed at NIST using test portions less than 10 g (the contents of an entire packet): 0.5 g for fatty acid analysis, between 0.2 and 2 g for elemental analysis, and between 1.0 and 2.5 g for vitamin analysis. (The microheterogeneity study showed 2.0 g was the optimum test portion size for retinyl palmitate analysis.) Analysis of variance did not show statistically significant heterogeneity for test portion sizes employed; therefore, analytes have been treated as though they are homogeneously distributed in the material although the homogeneity of the other analytes was not assessed. 
Results and Discussion
NIST has a number of food-matrix reference materials with values assigned for constituents of nutritional interest. The effort to produce these materials was driven largely by the requirements of the Nutrition Labeling and Education Act of 1990 (15) . As shown in Figure 1 , SRMs have been developed for a wide range of compositions (16) (17) (18) (19) (20) (21) (22) . Foods are positioned in this AOAC-developed triangle based on their fat, protein, and carbohydrate content. One or two foods within each sector are expected to be representative of-and useful as control materials for analysis of-other foods within that sector (23, 24) . SRM 1849 is located in sector 6, as was SRM 1846. These two materials are somewhat different with respect to their proximate composition: SRM 1846 contained 27.1% fat, 11.10% protein, 2.91% ash, and 57.2% carbohydrate, whereas SRM 1849 contains 31.0, 13.3, 4.52, and 50.2%, respectively. Certified and reference values for proximates, fatty acids, lactose, cholesterol, and calories in SRM 1849 are provided in Table 3 , along with the data used to assign the values. The median of the collaborating laboratory means and the mean of the manufacturer's results were combined with the mean of USDA and NIST data, where available. [The sometimes very wide variations of the round-robin results indicate that it is more appropriate to use the median rather than the mean of the laboratory means. The SD of the median for the collaborating laboratories' data was calculated as a robust estimate based on the median absolute deviation, the MADe (25, 26) .] The use of the median allows the outliers to be neglected without necessitating outlier removal.
The elemental composition of SRMs 1846 and 1849 is compared in Figure 2 . Also plotted is the elemental composition of SRMs 1953 and 1954 Organic Contaminants in Human Milk, Unfortified and Fortified (with contaminants), respectively (27, 28) , and that of human milk according to the USDA food composition database (29) . In the case of the human milk SRMs and the USDA data, values Table 5 .
have been converted to a dry-mass basis using a value of 87.5% moisture (12.5% solids; 29). As expected, levels present in the human milk SRMs are most similar to levels provided in the USDA tables. Levels in SRM 1849 are higher than those of human milk and SRM 1846 in all cases, emphasizing further that SRM 1849 is not an infant formula.
Certified and reference values for elements in SRM 1849 are provided in Table 4 , along with the sets of data used to assign these values. A plot of sodium values reported by collaborating laboratories and the manufacturer, and those obtained using the two NIST methods (ICP-OES and INAA) are provided in Figure 3 . The median of the individual collaborating laboratory means was combined with the manufacturer's mean, the INAA mean, and the ICP-OES mean to calculate the certified value. Note that sodium contamination may be a problem for some laboratories, as has been previously observed in low-sodium materials, such as SRM 2384 Baking Chocolate (20) .
Certified and reference values for vitamins in SRM 1849 are provided in Table 5 along with the data sets used to a Each certified mass fraction value, in units of mg/kg, expressed as a mass fraction for the material as received, is the mean from the combination of the mean results from each set of analyses by NIST, the median of the mean results provided by collaborating laboratories, and the mean result provided by the material manufacturer, where available. Each reference mass fraction value, expressed as a mass fraction for the material as received, is the mean from the combination of the median of the mean results provided by collaborating laboratories and the mean result provided by the material manufacturer, where available. The uncertainty in the certified and reference mass fraction, calculated according to the method described in the ISO Guide (12) (13) (14) , is expressed as an expanded uncertainty, U. The expanded uncertainty is calculated as U = ku c , where u c is intended to represent, at the level of one SD, the combined effect of between-laboratory and within-laboratory components of uncertainty. The coverage factor, k, is determined from the Student's t-distribution corresponding to the appropriate associated degrees of freedom and 95% confidence level for each analyte. An uncertainty is not provided on the information value for carnitine because insufficient information was available to assess the uncertainty. b Values shown as % represent mass fractions. c MADe is the median absolute deviation, a robust estimate of the SD (25, 26) . d CMP = Cytidine monophosphate; GMP = guanosine monophosphate; UMP = uridine monophosphate; AMP = adenosine monophosphate. produce them. Most NIST results were generated using two methods, one of which typically involved LC/MS or LC/MS/MS with a stable-isotope labeled internal standard (5) . Collaborating laboratories reported measuring free and total forms of the water-soluble vitamins. Results were indistinguishable, and data were combined to calculate median values. Because the SRM was fortified with vitamins, the naturally occurring levels of vitamins are "lost" in the variability of the measurements. NIST is currently working on characterizing SRM 3233 Fortified Breakfast Cereal, and will then begin characterizing food-matrix SRMs that have not been vitamin-fortified (e.g., candidate SRM 3234 Soy Flour and SRM 2383a Baby Food Composite).
The data used for value assignment and the certified values for niacinamide in SRMs 1846 and 1849 are compared in Figure 4 . In 1991, for SRM 1846, the value was generated by combining collaborating laboratory data (relative uncertainty of 22%) with NIST LC/abs data (with a relative uncertainty of 5.0%) to result in a final value with 12% relative expanded uncertainty. The value assignment data and their uncertainties overlapped, but there was a 13% difference between the two values. By contrast, for SRM 1849 the lowest (NIST LC/abs) and highest (median of collaborating laboratory means) of the seven values used to assign the certified value differ by only 7%. The large number of different methods (seven) and their general agreement are reflected in the certified value for niacinamide in SRM 1849 having a relative expanded uncertainty of only 2.4%.
Commercial infant formulas have evolved over time in an effort to mimic the composition or performance of human milk. In 1984, taurine fortification began (30), although the role of taurine in a baby's diet is still not fully understood (31) . In the late 1990s, nucleotide fortification began; nucleotides may act as growth factors and affect the immune system (30). And in the early 2000s, long-chain polyunsaturated fatty acids were added with the expectation of improving babies' visual and cognitive development (30). These compounds were not present in SRM 1846, but they were added to SRM 1849; certified (fatty acids) and reference values (nucleotides and taurine; Table 6 ) are assigned. Collaborating laboratories' and the manufacturer's data were used to assign reference values for amino acids, taurine, carnitine, and nucleotides. This is the only NIST SRM with values assigned for nucleotides. Table 6 .
The USDA has been including amino acid values in their nutrient databases for a number of years; until the introduction of SRM 2387 Peanut Butter in 2003, NIST had no food-matrix SRMs available with values assigned for amino acids to provide QA for these measurements. Three other SRMs with values assigned for amino acids are now available: SRM 1849, SRM 1546 Meat Homogenate, and SRM 3244 Ephedra-Containing Protein Powder. Amino acid levels are compared in Figure 5 , and reference values for amino acids in SRM 1849 are provided in Table 6 , along with the averages from the two data sets (collaborating laboratories and manufacturer). With the release of SRM 1849, SRMs with values assigned for amino acids are now available in sectors 3, 4, 6, and 9 of the AOAC triangle. (Candidate SRM 3234 Soy Flour, which is in sector 7, is also expected to have values assigned for amino acids.)
With 43 certified and 43 reference values assigned, SRM 1849 is the most characterized food-matrix reference material available from NIST. Methods developed for certification of this material will be employed and adapted for other SRMs currently in preparation, including candidate SRMs 1549a Whole Milk Powder, 1845a Whole Egg Powder, 3233 Fortified Breakfast Cereal, and 3234 Soy Flour. We plan to characterize a similarly large number of nutrients in these materials.
